The optical absorption spectrums of nanomotors made from double-wall carbon nanotubes have been calculated with the time-dependent density functional based tight binding method. When the outer short tube of the nanomotor moves along or rotates around the inner long tube, the peaks in the spectrum will gradually evolve and may shift periodically, the amplitude of which can be as large as hundreds of meV. We show that the features and behaviors of the optical absorption spectrum could be used to monitor the mechanical motions of the double-wall carbon nanotube based nanomotor.
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I. INTRODUCTION
Manufacturing nanoelectromechanical systems (NEMS) is one of the central tasks of modern nanotechnologies, which promises potential advantages over classical devices with larger sizes.
1 Nanomotor is one typical and important NEMS which can convert other forms of energy into mechanical energy.
2 Several technique schemes have been exploited to fabricate nanomotors, and multi-wall carbon nanotubes are the natural and competitive candidates due to their special atomic structures.
3-9 Considering a double-wall carbon nanotube (DWCNT) based nanomotor, the two ends of the inner long tube is fixed to two anchor pads, while the outer short tube can move along and/or rotate around the inner tube under the external driven electric or thermal field. This tiny nanomotor can be used as the key component to design nano devices for given purposes. For example, a cargo can be constructed by attaching a metal plate on the outer tube, which may be used to deliver drugs for medical applications.
6
In the past studies, the mechanical motion of DWCNT based nanomotor is usually observed by the scanning electron microscope (SEM) apparatus. 3, 4, 6 Although the SEM images can clearly determine the various configurations of the nanomotor during the motion, it is hard for SEM apparatus to continuously capture the transient dynamics of the nanomotor, especially if the motion velocity reaches the prediction value 10 8 µm/s as given by molecular dynamics simulation.
6 Therefore, alternative methods are required to probe the mechanical motion of the nanomotor. For example, Cai et al have proposed to use the centrifugal effect to measure the high-speed rotation of a thermal carbon nanomotor. 10 Recently, Liu et al have systematically developed the real-time optical imaging and broadband in situ spectroscopy, and have studied the optical absorption spectrum of various types of CNTs. [11] [12] [13] Their experimental results revealed that the interaction between two individual tubes can significantly modify the optical transition energy in DWCNTs. 12 Their findings suggest that optical absorption spectrum can be helpful to identify the relative handedness of DWCNTs, which is even indistinguishable by the electron diffraction pattern.
12 Therefore, it should be practical to monitor the mechanical motion of the nanomotor made from DWCNT by measuring the variation of the optical absorption spectrum.
In this paper, we study the optical absorption spectrum of the DWCNT based nanomotor with the time-dependent density functional based tight binding (TD-DFTB) method.
14, 15 The DFTB method takes certain approximate strategies to implement the density functional theory 16, 17 and has been widely applied to study different physics properties of carbon nanostructures such as carbon nanotube, 18, 19 fullerence, 14,20 nanodiamond, [21] [22] [23] [24] [25] etc. Below, we will show the evolution of the optical absorption spectrum of nanomotors when the outer tube moves along or rotates around the inner tube, which demonstrates the possibility to identify the given configuration of the nanomotor from its optical absorption spectrum and monitor its mechanical motion.
II. STRUCTURE AND METHOD
The typical structure of a DWCNT nanomotor is shown in Fig. 1 , which consists of a long inner tube and a short outer tube. (5,0) CNT is chosen as the inner tube, and (10,0) or (11,0) CNT is chosen as the outer tube in our calculations. The ends of both the tubes are passivated by hydrogen atoms. The atomic positions of the two tubes are relaxed separately by the geometry optimization algorithm implemented in DFTB+ package 26 before they are assembled together. The deformation effect of the two tubes has been neglected due to the weakness of the Van der Waals interaction. For a given nanomotor, its configuration is characterized by the translation distance R along the axis direction and the counterclockwise rotation angle Φ of the outer tube in relative to the inner tube, as defined in Fig. 1 .
The optical absorption spectrum for each configuration is calculated with TD-DFTB method 14, 15 . In this approach, the ground state of the electronic structure is first obtained by performing the self-consistent DFTB calculation, 16, 17 which gives the corresponding Kohn- Sham (KS) orbitals ψ i and the KS energies i . Then the optical spectrum Ω I is calculated from the Casida equation
(1) where the coupling matrix K ijσ,klτ is
and ω ik = j − i . σ and τ denote the electron spin. Besides, the absorption strength for singlet-singlet transition is given by
This method has been successfully applied to study the optical properties of various nanoscale systems including fullerence, 14 silicon nanoclusters, 28-31 cadmium sulfide [32] [33] [34] and zinc selenide nanostructures, 35 etc.
III. RESULTS AND DISCUSSION
First, we investigate the effect of the coupling interaction between the two tubes in the nanomotor on the optical absorption spectrum. We consider a nanomotor made from the (5,0)/(11,0) DWCNT as an example, where the outer tube has one unit cell and the inner tube has five unit cells. Calculation for longer tubes is more realistic and is feasible by the TD-DFTB method in principle, but is limited by our computation power. The optical spectrum of ultrashort CNT will be seriously affected by the quantum confinement effect. 36 The configuration of the nanomotor is set as R = 0Å and Φ = 0 • in the calculation. The (5,0) CNT has been found to be metallic because of the σ − π mixing induced by high curvature.
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Thus, a small gap about 47 meV is obtained for the inner tube due to the quantum confinement effect. The results shown in Fig. 2 suggest that the optical absorption spectrum of the nanomotor is not a simple summation of the spectrums of the two constituent tubes, which implies strong inter-tube interaction in this structure. It is observed that much more peaks appear in the optical spectrum of the nanomotor in Fig. 2 . This can be understood from the lower symmetry of the nanomotor due to inter-tube interaction, which breaks the original selection rules for the quantum state transitions in in-dividual tubes and makes more state transitions to be allowed. For comparison, we have also calculated the spectrum for another nanomotor made from (5,0)/(16,0) DWCNT with larger inter-tube separation and negligible inter-tube interaction, which is just the summation of the spectrums of the inner and outer tubes. Therefore, it is possible to infer the configuration of the nanomotor from its optical absorption spectrum only if there exists strong enough inter-tuber interaction. We further calculate the optical absorption spectrum of the same nanomotor in Fig. 2 when translation distance R is increased from 0Å to 8Å with step length 0.25Å and the rotation angle Φ is fixed as 0
• , and the results are shown in Fig. 3(a) and (b) . We find that the evolution of spectrums in Fig. 3(a) lacks periodic pattern in terms of R, which is caused by the breaking of translation symmetry of the inner tube with finite length. However, after carefully examining the finer structure of the spectrums in the energy window [0, 0.6] eV, we find that the first relatively strong peak shifts with the increasing R in a periodic pattern approximately, as shown in Fig. 3(b) . The shift period is around 2Å, which is about half of the lattice constant a with 4.26Å for the (5,0) CNT here. This phenomenon can be understood from the fact that the crystal structure of the ideal (5,0) CNT can be recovered by the joint operations of a 2 -translation and π 5 -rotation. If the details of the atomic structure of the outer tube can be neglected, the a 2 -period of the peak shift will approximately hold. This periodic shift is however destroyed for the optical absorption spectrum in higher energy range, which implies the higher sensitivity of the spectrum to the quantum confinement effect. Besides, we observe that the shift amplitude of the first strong peak is as large as 150 meV, which can be easily detected by the modern optical spectroscopy technique. [11] [12] [13] In Fig. 2 (c) and (d), we plot the charge density distributions of the initial and final states for the transition corresponding to the first strong peak when R = 2Å respectively. We find that the initial state is distributed in the middle of the inner tube; while the final state is located at the end of the inner tube and is far from the outer tube. Thus, the observed periodic shift of the peak here is caused by the modulation of the wavefunction of the initial state by the position of the outer tube, which in turn can be used to monitor the translational motion of the nanomotor. Lastly, we study the evolution of the optical absorption spectrum of the nanomotor when the outer tube rotates around the inner tube counterclockwise. The nanomotor used here is made from (5,0)/(10,0) DWCNT, with one unit cell for the outer tube and five unit cells for the inner tube. The structure of this nanomotor has five-fold rotation symmetry around the axis, and the outer tube itself has ten-fold rotation symmetry. Therefore, the structure and optical absorption spectrum will repeat with the period 36
• when the outer tube continuously rotates around the inner tube. Besides, the configurations to be calculated can be reduced to the range Φ ∈ [0 • , 18
• ], if we further consider the reflection operation of the nanomotor over one plane passing through the tube axis and Φ = 0
• . In Fig. 4 (a) and (b), we show the calculated optical absorption spectrum of the nanomotor in different energy range when the rotation angle Φ is increased from 0
• to 18 • with step length 0.5
• and the translation distance R is fixed as 8.53Å. In contrast to the case of translational motion, we find that most peaks in the spectrum evolve smoothly and regularly during the rotational motion of the nanomotor (Fig. 4(a) ), which implies less importance of quantum confinement effect here. Besides, some peaks appear in the spectrum and then shift during the rotational motion of the nanomotor. As shown in Fig. 4(b) , a peak located above 0.3 eV gradually appears and its intensity becomes stronger and stronger when Φ varies from 0 • to 18
• , accompanying with the monotonic blueshift of its energy. The amplitude of the blueshift of the peak is as large as 200 meV, which can also be easily detected experimentally. [11] [12] [13] We also notice that the shift of the peak becomes slow when the rotation angle Φ approaches 18
• , where the distances between the carbon atoms in the outer and inner tubes become relatively larger and their interaction becomes smaller. Besides, we plot the charge density distributions of the initial and final states of the corresponding transition when Φ = 2 • in Fig. 4 (c) and (d) respectively. We see that the initial state is distributed over one half of the nanomotor structure; while the final state is almost located at the touching region of the inner and outer tubes, which can be modulated by the rotation of the outer tube. Therefore, our calculation results here confirm that it is also possible to monitor the rotation motion of the nanomotor by detecting its optical absorption spectrum.
IV. CONCLUSIONS
In conclusion, we have calculated the optical absorption spectrum of the nanomotor made from the doublewall carbon nanotube with the time-dependent density functional based tight binding method. The calculation results suggest that the spectrum depends sensitively on the configuration of the nanomotor when there exists strong enough interaction between the inner and outer tubes. When the outer tube moves along the inner tube, there exists one peak the energy of which shifts with an approximate period in the spectrum, while the other peaks don't shift periodically due to the quantum confinement effect of the ultrashort inner tube. When the outer tube rotates around the inner tube, most of the peaks in the spectrum shift smoothly and regularly. The shift amplitudes of the peaks in the spectrum are found to several hundred meV, which are easily detected by modern optical spectroscopy techniques. [11] [12] [13] Our studies here demonstrate the possibility to monitor the mechanical motion of the double-wall carbon nanotube based nanomotor from the evolution of its optical absorption spectrum, which may have potential applications in designing, fabricating, and utilizing nanoelectromechanical devices.
